Introduction
Apoptosis, or programmed cell death, was first coined in modern terms in 1972, translated from Greek meaning "dropping off or falling off of petals from flowers or leaves from trees", which resembled the observed condensation of the cytoplasm and nucleus in a manner that was distinct from necrotic cell death [1] . Apoptosis is indispensable for tissue remodeling during embryogenesis and is a fundamental tenet of inflammation and lymphocyte generation in higher vertebrates. However, rapid removal and destruction of the cellular corpse (efferocytosis) is the critical, final component of the apoptotic pathway, and when disrupted, has profound consequences for the organism, leading to massive inflammation and often death (See Table 1 ). Thus it is not surprising that there is a significant amount of redundancy in the mechanisms responsible for apoptotic cell recognition and capture. Nevertheless, there are clearly dominant mechanisms which, when disrupted, lead to diseases of chronic inflammation including atherosclerosis, autoimmunity, and cancer [2] .
Efficiency of efferocytosis is remarkable. It is estimated that an apoptotic cell loss of >1 billion cells/day occurs in the average adult yet it is difficult to find apoptotic cells in most tissues, including those with high cell turnover such as the thymus and secondary lymphoid organs [3] . Efferocytosis is manifest primarily by the action of "professional phagocytes" (i.e., macrophages, dendritic cells) supplemented by the many non-professional phagocytes that, in general, remove neighboring apoptotic cells during tissue Abstract In higher organisms, innate scavenging cells maintain physiologic homeostasis by removal of the billions of apoptotic cells generated on a daily basis. Apoptotic cell removal requires efficient recognition and uptake by professional and non-professional phagocytic cells, which are governed by an array of soluble and apoptotic cell-integral signals resulting in immunologically silent clearance. While apoptosis is associated with profound suppression of adaptive and innate inflammatory immunity, we have only begun to scratch the surface in understanding how immunologic tolerance to apoptotic self manifest at either the molecular or cellular level. In the last 10 years, data has emerged implicating professional phagocytes, most notably stromal macrophages and CD8α
+

CD103
+ dendritic cells, as critical in initiation of the regulatory cascade that will ultimately lead to long-term whole-animal immune tolerance. Importantly, recent work by our lab and others has shown that alterations in apoptotic cell perception by the innate immune system either by removal of critical phagocytic sentinels in secondary lymphoid organs or blockage of immunosuppressive pathways leads to pronounced inflammation with a breakdown of tolerance towards self. This challenges the paradigm that apoptotic cells are inherently immunosuppressive, suggesting that apoptotic cell tolerance is a "context-dependent" event.
remodeling [4] . However, phagocytosis and destruction alone is inadequate to drive tolerance, which requires active participation from both the innate and adaptive arms of the immune system not only for establishment of immunosuppressive conditions but for the continued maintenance of tolerance and the prevention of undesirable immunity. Moreover, uptake of apoptotic cells may play an essential role in protective adaptive immune responses in many instances including infection and cancer [5] [6] [7] [8] . Thus, efferocytosis is an essential component of most (if not all) immune responses which, by extension, would suggest the context of apoptosis is critical in determining if the immunologic outcomes of cell death is regulation or inflammation.
Apoptosis itself is a varied process resulting from cell extrinsic or intrinsic signals and stresses leading to numerous physiologic changes in the cell including massive caspase activation, loss of mitochondrial membrane potential and exposure of phosphatidylserine to the extracellular environment, which combine to irreversibly commit the cell to the apoptotic process [9] . This point of no return is ill-defined, owing to the heterogeneous nature of apoptosis in general, and is likely to be revised as new information comes to light. However, a useful definition was suggested by Bratton and Henson who described two criteria: (1) loss of plasma membrane integrity; (2) cell fragmentation into discrete bodies or engulfment by phagocytes or adjacent cells [10] and it is this endpoint we will use in the following essay to define immunologically relevant apoptosis. Nevertheless, the actual mechanics of apoptosis are beyond the scope of this review, which focuses on the process of apoptotic cell clearance and immunologic tolerance. In the text below, we will discuss basic mechanisms believed to drive apoptotic cell tolerance as well as the complex cell-cell and molecular interactions required for immunologic tolerance towards apoptotic self and the consequences for breakdown of tolerance towards apoptotic self.
The four steps in efferocytosis: find me, tickle me, eat me, and process (destroy) me Phagocytic clearance of apoptotic cells involves four broadly defined steps required for recognition, uptake, and clearance (see Fig. 1 ). While the individual mechanisms involved in each step may vary considerably depending on the cell and tissue type, the overall mechanism appears to be universal and shared between professional and non-professional phagocytes [11] . As a whole, the system is powerfully efficient and tightly regulated by signals delivered via both soluble or membrane-bound ligands to ensure rapid recognition and removal of cells in early apoptosis.
When cells initially enter apoptosis, it is critical that they attract motile phagocytes to initiate the efferocytic process. In recent years, a number of such diffusible chemotactic mediators have been identified, including nucleotides (ATP, UTP), which are recognized by the widely expressed purinergic receptor P2Y2, the chemokine fractalkine (CX3CL1), which is the ligand for the receptor CXCR1, and the lipids lysophosphatidylcholine (LPC) and sphingosine-1-phosphate (S1P), which are ligands for the G2A receptor and S1P receptors 1-5, respectively [12] [13] [14] [15] . All of the apoptotic cell "find me" signals identified to date are either quickly degraded (nucleotides) or are present in high concentrations in circulation (i.e., S1P and LPC), suggesting they provide local signals to recruit resident macrophages and dendritic cells, but are unlikely to attract monocytes from circulation, or even phagocytes from more distant points in the same tissue. It is interesting to note that disruption of P2Y2 increased apoptotic cell accumulation in the thymus, presumably via reduced phagocyte recruitment, but failed to lead to the severe systemic autoimmune/inflammatory disease observed when other mechanisms involved in efferocytosis are disrupted [14] . The simple explanation is redundancy in the recruitment mechanisms obviated an indispensable need for nucleotide-driven chemo-attraction. However, the increase in apoptotic cell presence in P2Y2 knock-out mice suggests this is not the case. CD14 knockout mice show a similar defect in apoptotic cell clearance, presumably due to reduced tethering after phagocyte recruitment [16] . In spite of this, there is no apparent inflammatory defect and macrophages can generate apoptotic cell driven anti-inflammatory responses that are equivalent to wild-type mice suggesting that at least under certain conditions cell clearance is not required for immune regulation.
An intriguing hypothesis suggests that the primary role of the "find me" signal is priming of phagocytes rather than recruitment [17] . As several important "eat me" signals produced by macrophages require activation for production (i.e., MFG-E8), such a system would serve the dual purpose of recruitment and uptake [18] . It is noteworthy that in Drosophila and C. elegans, migration is often not required for phagocytosis and the apoptotic cell itself may induce uptake of the cell corpse [19] . Of course, even in this context the find-me signal is not absolutely required as apoptotic cells in circulation track rapidly to phagocytes in the spleen and liver making it unlikely that find-me signals would be sufficient to prime the phagocyte for uptake [20, 21] .
While find-me signals can bring phagocytes into the proximity of apoptotic cells, specific recognition of the apoptotic cell is critical for effective clearance and prevention of inflammatory immunity. This recognition is based on the presence of two classes of molecules, (1) those that are newly exposed on the cell surface, or (2) alteration of existing surface molecules by oxidation or sugar modification [22] . The most well-known eat-me signal is surface exposure of the membrane-integral lipid phosphatidylserine (PS), which is normally found on the luminal side of the plasma membrane [23] . Originally, it was hypothesized that a single PS receptor existed that provided universal recognition of the exposed lipid on the surface of apoptotic cells [24, 25] . However, it is now evident that PS is recognized by numerous receptors that can either bind PS directly, or indirectly via a number of bridging molecules naturally present in tissues and circulation in basal and activated states [10] .
Localization of PS in the plasma membrane is asymmetric with a large bias towards the lumen. The maintenance of the viable cell membrane lipid topography is energy dependent, requiring ATP and aminophospholipid translocases [26] . Early after the cell enters the apoptotic program, there is a rapid relocation of PS to the outer leaflet of the Fig. 1 The four steps in efferocytosis. 1 In the "find me" stage, cellular commitment to apoptosis results in the production/release of chemotactic agents that recruit and, perhaps, activate local phagocytes priming them for phagocytic uptake of the cellular corpse. 2 During the "tickle me" stage, phagocytes encountering dying cells interact by a variety of receptors that can directly or indirectly (via bridging molecules) recognize exposure of native and modified forms of the membrane-integral lipid phosphatidylserine (PS) or other exposed, modified self-constitutions (the example shown here is MARCO and CD36-binding modified lipoproteins). 3 During the "eat me" stage, proper ligand/receptor engagement activates downstream signal transduction activating ELMO and Rac-dependent cytoskeletal changes resulting in plasma membrane invagination and internalization of the apoptotic cell. 4 During the "process me" phase, the apoptotic cell is degraded in Lamp + lysosomes allowing for repurposing of the apoptotic material for antigen presentation and elicitation of adaptive, tolerogenic immunity. oxLDL oxidized low-density lipoprotein plasma membrane exposing the phosphate head and allowing for recognition by phagocytic cells [23, 27] . This rapid accumulation of PS (>200-fold increase at 2 h compared to viable cells) [28] is the most universally observed change in apoptotic cells and is widely considered to be one of the major indicators for removal. The reason for the asymmetric distribution is not known, but PS is translocated to the apical side of the plasma membrane after activation in many cell types including B cells and neutrophils, raising the possibility that PS surface compartmentalization is required for normal functions in addition to efferocytosis [29] [30] [31] [32] .
A seemingly major breakthrough came in 2000 when Fadok et al. [24] published a landmark paper demonstrating a monoclonal antibody raised against TGF-β/β-glucan stimulated macrophages could block apoptotic cell uptake by macrophages in culture. Moreover, a 48-kDa antigen isolated from a phage display library, which was recognized by the antibody, was identified at the putative PS receptor. However, the role of the PS receptor in efferocytosis is controversial as conflicting data have suggested it plays a minimal role in phagocytosis and may rather serve a primary function in vertebrate development independent of apoptotic cell clearance [33] . Other direct binding PS receptors have been identified including members of the T cell immunoglobulin (TIM) family and the G-protein coupled receptor family member brain angiogenesis inhibitor 1 (BAI1) [34, 35] . It is surprising that disruption of either TIM4 or BAI1 does not lead to significant homeostatic defects or substantial inflammatory/autoimmune disease, suggesting that direct PS recognition is not a prerequisite for the regulatory apoptotic cell response in vivo [36, 37] . TIM4 has a short cytoplasmic domain that is not required for phagocytic activity and it is probable that its primary function is to act as a tethering molecule similar in function to CD14 [38] . In contrast, BAI1 signals via a Rac cascade initiating apoptotic cell ingestion suggest a more active role in actin reorganization and endocytosis [35] .
A variety of bridging molecules or opsonins can mediate an indirect interaction between exposed PS on apoptotic cells and phagocytes. Milk fat globule-epidermal growth factor factor 8 (MFG-E8) binds with high affinity to exposed PS enabling uptake via the integrin α v β 3 [18] . In stark contrast to TIM4 disruption, deletion of MFG-E8 results in a severe autoimmune phenotype, indicating a prominent role in immune regulation [39] . Similarly, growth arrest-specific (Gas)6 links exposed PS to the Tyro-Axl-Mer (TAM) receptor tyrosine kinase family of receptors, and similar to MFG-E8 disruption, genetic deletion of TAMs leads to delayed apoptotic cell clearance and significant autoimmune disease [40] [41] [42] . It is not clear why disruption of some PS recognition systems yields relatively minor phenotypes while disruption of others leads to severe disease as in all cases there appears to be a defect in apoptotic cell clearance. It is possible that variegated PS receptor expression on phagocyte populations may naturally predispose some receptors to a more prominent role in regulating apoptotic cell-driven inflammatory responses.
Macrophages exhibit a sensitivity threshold to PS exposure for phagocytic uptake of cells [28] . This and related observations have prompted the concept that rapid exposure of PS allows for differentiation of apoptotic cells from the viable population by phagocytes. However, viable cells with a mutant form of the scramblase TMEM16F express high levels of surface-exposed PS and are not phagocytosed by macrophages in vitro or in vivo [43] . A possible explanation is that PS exposure may be a much more common occurrence than is generally considered. As stated above, PS exposure may be relatively frequent in response to cellular activation or differentiation [26] . Thus, while PS surface translocation may occur rapidly once a cell enters the apoptotic pathway, the signal delivered may not be specific enough to serve a primary decision-making role in immunoregulatory mechanisms required for homeostasis. Viable cells express a number of "don't eat me" signals that could account for the lack of uptake despite significant PS exposure. These include plasminogen activator inhibitor (PAI)-1, a serine protease inhibitor of fibrinolysis that co-localizes with calreticulin (an eat-me signal recognized by CD91) [44] . Other potential don't eat me signals include CD31 and CD47 [45, 46] . However, CD31 and CD47 knock out mice do not show significant homeostatic perturbations involving viable cell phagocytosis making it unlikely that don't eat me signals alone are responsible for the prevention PS-exposed live cell destruction. Oxidized lipids, including PS, are recognized via direct and indirect mechanisms by a number of receptors highly expressed by professional phagocytes including the scavenger receptors SR-A, MARCO, and CD36 [47] [48] [49] . Thus, it is highly probable that while PS exposure may provide an important tether aiding in apoptotic cell clearance it is the presence of modified self that is the signal for the phagocytic engulfment of the cellular body and initiation of a regulatory response in professional phagocytes. Toda et al. recently reported that apoptotic cell phagocytosis was a two-step process requiring both Tim4 recognition of PS and integrin-mediated recognition of apoptotic cell bound MFG-E8 [50] . This would be consistent with a model of PSmediated tethering and recognition of modified-self (i.e., oxidized PS) resulting in uptake and clearance.
Apoptotic cell uptake is governed by Rho GTPases including the ELMO/Doc180/Rac module that is associated with BAI1-mediated endocytosis [35] . The intracellular endocytic machinery involved in apoptotic cell uptake is widely expressed, suggesting that the internal mechanism of phagocytosis will be relatively similar regardless of cell type. Thus the specificity of efferocytosis may depend on the array of apoptotic cell sensors expressed by the phagocyte [51] . Similarly the manner of uptake may depend on the phagocyte involved as it has been proposed that endocytosis occurs both by formation of a large phagosome enveloping the cell and the surrounding media and by a "zipper" mechanism with sequential ligand/receptor engagement forming a close-fitting phagosome [10, 52] .
Destruction of internalized apoptotic cells occurs in lysosomes. Little is known regarding the mechanism of digestion and it remains to be seen if the actual degradation pathway is distinct from that used to remove other particulate antigens. However, Henson et al. reported that lysosome acidification occurred more rapidly after apoptotic cell uptake compared to FcR-mediated uptake of opsonized viable cells [53] . Furthermore, Blander and Medzhitov have found that uptake of microbes is divergent from apoptotic cells as internal "sorting" occurs in the endosomal compartment whereby particles (e.g., bacteria) with strong TLR activity rapidly localize to LAMP-1 + lysosomes resulting in maturation and antigen presentation while apoptotic cells are initially excluded from lysosomes and not presented effectively, even in the presence of free LPS [54, 55] . However, if apoptotic cells were directly coupled to microbial ligands, their antigens were actively presented to CD4 + T cells [55] . While this is seemingly at odds with the observations reported by Dr. Henson's group described above [53] , it should be kept in mind that lysosomal localization is probably the eventual endpoint for any endocytosed particulate antigen and antigen presentation is necessary for induction of immunologic tolerance (see below). Therefore, while there are clear differences in the internal sorting of antigens, we have yet to fully understand how this impacts specific mechanisms of immunologic regulation. Moreover, there is the strong possibility that specific uptake mechanisms involved in efferocytosis may lead to activation of both general, and apoptotic cell-specific degradation activity. Consistent with this, Peng and Elkon [56] reported that apoptotic cells taken up by dendritic cells in MFG-E8 deficient mice show altered vesicular trafficking and defects in lysosome acidification. Regardless, it is evident that rapid destruction of the internalized apoptotic cell is of paramount importance. DNaseII is an endonuclease that is most active at low pH and is responsible for DNA digestion in the lysosomal compartment [57] . Deletion of DNase II is embryonic lethal due to anemia associated with the inability of macrophages to digest expelled erythroid nuclei during fetal erythropoiesis resulting in significant production of the inflammatory cytokine interferon(IFN)-β [58] . The fetal lethality could be prevented by deletion of the IFN-β gene or usage of a conditional DNase II knock out mouse, however the animals developed severe polyarthritis, high levels of tumor necrosis factor (TNF)-α, and accumulation of DNA in macrophage lysosomes [59] . The dramatic phenotype in DNasedeficient mice provides strong evidence that destruction of internalized nucleic acids associated with apoptotic cells is critical to limit innate inflammatory potential of apoptotic material. There is conflicting data as to whether inflammation in DNaseII deficient mice is the result of innate sensing by toll like receptor (TLR)-9 [60, 61] . However, recently it was reported that Trex1 knock out mice developed severe autoimmune disease due to increased activity of the cytoplasmic DNA sensor STING [62] . Thus there are likely multiple innate mechanisms to detect intracellular DNA that could be activated by apoptotic cell constituents.
Immunologic tolerance to apoptotic self
Efferocytosis is often referred to as an immunologically silent mechanism for the clearance of cellular corpses. Implicit in these words is the notion that, mechanistically, phagocytosis of apoptotic cells is sufficient to maintain homeostasis with out further action, however recent evidence has suggested that location of death matters for immunologic outcome. Non-professional phagocytes have limited ability to interact with the immune system, thus in this case efferocytosis may be as advertised, a silent event. Nevertheless, it is evident that apoptotic cell exposure induces rapid expression of regulatory cytokines in antigen presenting cells (APCs) creating an immediately suppressive microenvironment and setting the stage for selection and expansion of regulatory lymphocyte populations ultimately culminating in the generation of "infectious" tolerance [63] .
Apoptotic cell tolerance in the spleen
Tolerance is a complex process involving both innate and adaptive immune elements. Much of what is known regarding the impact of apoptotic cells on dendritic cells (DCs) and macrophages (MΦs) is derived from in vitro studies, which in general have repeatedly demonstrated two related concepts; (1) apoptotic cells induce significant production of anti-inflammatory cytokines such as transforming growth factor(TGF)-β and IL-10, and (2) exposure to apoptotic cells suppresses subsequent responsiveness to proinflammatory stimuli [64] [65] [66] . However, the in vivo picture is much more complex and it is apparent that apoptotic cells induce a mixed cytokine response, which is dominated by TGF-β and IL-10 but also includes a cocktail of cytokines considered proinflammatory such as IFN-γ, IFN-α/β, IL17a (TLM, unpublished observations), IL-6, IL-12, and TNF-α [20, 67] . Moreover, when sorted splenic phagocyte populations that had eaten apoptotic thymocytes were examined, we found a cell-specific pattern of cytokine induction suggestive of a division of labor in the apoptotic cell response [67] .
Splenic architecture Splenic apoptotic cell clearance in response to systemic (i.e., intravenous) cell challenge provides a useful platform to study early innate mechanisms involved in apoptotic cell tolerance. Moreover, tolerance to apoptotic cells delivered systemically (i.e., i/v) is abrogated in splenectomized mice demonstrating the primacy of the spleen in acquired tolerance towards apoptotic self [68, 69] . The spleen is a remarkable organ that has a three-fold function as a secondary lymphoid organ, a scavenger of particulates in circulation, and iron recycling [70] . The splenic architecture consists of a lymphoid while pulp, which is comprised of a sheath of T cells surrounding branching arterioles (periarteriolar lymphoid sheath, PALS) with adjacent follicular B cells and a red pulp which is populated primarily by MΦs, neutrophils, and DCs. The spleen is unique in that it features a venous sinusoidal system without an endothelial cell lining, which aids in the capture and destruction of aged red blood cells [70] . In mice, the arterial branches end in a marginal sinus that demarcates the border between the red and white pulp. The sinus itself is lined by a layer of mucosal addressin cell-adhesion molecule (MAd-CAM)-1 + cells that serve as an entry barrier to the white pulp creating a protected environment within the follicles [71] [72] [73] . On the red pulp side of the marginal sinus, the MAdCAM-1 + cell layer is fenestrated allowing for free movement of material entering from circulation into the red pulp. The marginal zone (MZ) is a transitional area on the red pulp side of the marginal sinus where lymphocytes enter the spleen before migrating to the white pulp. Migration into the white pulp is an active event that is controlled by poorly defined mechanisms although both chemokines and S1P are involved [74] . The MZ is inhabited by several specialized subsets of phagocytes and B cells that play an essential role in innate and early adaptive immune responses to a wide variety of bacterial and viral pathogens [75] . A definitive feature of the MZ is the presence of a specialized MZ macrophage population (MZMs) that constitutively expresses high levels of the type-I scavenger receptors scavenger receptor (SR)-A and macrophage receptor with collagenous structure (MARCO), and the lectin SIGNR1, a homologue of the human DC receptor DC-SIGN [20, 21, 67, 76] . These macrophages are highly phagocytic and have the ability to capture a wide array of molecules, in particular carbohydrates and lipids [77, 78] . Another specialized macrophage population in the MZ is defined by expression of the adhesion molecule siglec-1 (CD169). These cells express high levels of non-specific esterase and are differentiated by staining with the monoclonal antibody MOMA1 [79] . While MZMs are found within the MZ red pulp region, MOMA1
+ MΦs are found in more intimate association with the white pulp appearing as a continuous band one or two cells thick underneath the MAdCAM1 + cells on the follicular side of the sinus.
Marginal zone macrophages and control of apoptotic cell clearance MZMs are critical for trapping of particulate material >500 nm in the spleen, and our lab and others have shown that apoptotic cells administered i/v rapidly track to the MZ where they are phagocytosed, primarily by MZMs [20] . This initial capture is a critical event in the generation of tolerance to self as Tanaka et al. demonstrated delayed clearance of apoptotic cells and reduced immune tolerance to apoptotic cell-associated antigens when MZMs and MOMA1 + MΦs were absent [80] . Consistent with this, we found that MZM and MOMA1
+ MΦ depletion accelerated development of systemic tolerance breakdown in mouse models of systemic lupus erythematosus and promoted inflammatory immunity towards apoptotic cell antigens [20] . An interesting observation that was consistent in both studies was the altered uptake patterns in mice lacking MZMs and MOMA1
+ MΦs. Tanaka's group reported decreased apoptotic cell phagocytosis by CD8α
+ DCs with paralleled increased uptake in CD11b + DCs [80] . We saw similar changes in DC phagocytosis of apoptotic cells (TLM, unpublished observations) and additionally found large increases in phagocytosis by CD68 + MΦs [20] . Moreover, altered uptake was associated with rapid accumulation of apoptotic material in the white pulp, a stark contrast to the normal follicular exclusion of apoptotic cells that occurs in the spleen. Remarkably, we found in the absence of MZMs, the cytokine profile elicited by apoptotic cells was reversed, with an attenuated TGF-β response and elevated proinflammatory cytokine production.
It is unresolved why the lack of MZMs resulted in the changes observed. If MZMs are a major factor in apoptotic cell clearance in the spleen, then it could be argued that increased presence of free apoptotic cells led to altered uptake patterns in the remaining phagocytes. However, if this was the case, then the increase would be expected to be represented in all phagocytes proportionately, which does not occur. MZMs are in intimate contact with MZ B cells and DC populations, which is critical for positioning within the MZ. Depletion of MZMs leads to a mobilization of MZ B cells and presumably alters DCs positioning as well (although this has not been formally demonstrated to our knowledge) [81] . Thus, in a second possible mechanism, the loss of MZMs may result in DC mobilization, changing the level of exposure to apoptotic cells from circulation, the basal activation state of the DCs, or both. Stromal macrophages can also regulate apoptotic cell uptake in neighboring phagocytes by a mechanism dependent on lipoxygenase activity [82] . Hence, a third possibility is that MZMs are directly regulating the ability of other phagocytes in the MZ and red pulp to clear apoptotic material promoting development of tolerance.
Control of the macrophage response to apoptotic cells
There has been significant progress in our understanding of how phagocytes capture and engulf apoptotic cells and the end effects of apoptotic cell uptake (e.g., TGF-β production). However, mechanistically, we only have a partial understanding of the conditions elicited by apoptotic cells to induce these regulatory effects. An early report by Voll et al. [66] showed that apoptotic cells induced significant production of the immunoregulatory cytokine IL-10 after LPS stimulation in monocytes with parallel decreases in TNF-α, IL-12, and IL-1β. Inhibition was contact-dependent and could be replicated by antibody-mediated crosslinking of the scavenger receptor CD36. Subsequent studies have confirmed this, and found a host of anti-inflammatory mediators are elicited by apoptotic cell phagocytosis, most notably TGF-β and prostaglandins. However, soluble factors may not be responsible for direct regulation of phagocyte inflammatory function as Kim et al. [83] reported that apoptotic cell-mediated inhibition of IL-12 production was dependent on induction of a zinc finger transcription factor, GC-binding protein, which directly inhibited activity of the IL-12 p35 and p40 promoters independent of IL-10 or TGF-β.
The TAM receptors (Axl, Mer, and Tyro3) are a family of receptor tyrosine kinases possessing an extracellular domain containing immunoglobulin-related and fibronectin III domains, a single-pass trans-membrane domain, and an intracellular PTK signaling domain [84] . TAMs act as receptors for two known PS-binding soluble proteins, Gas6 and protein S, and antagonize inflammatory cytokine production by STAT-1-dependent induction of suppressor of cytokine signaling (SOCS) proteins 1 and 3 [41] . TAMs also inhibit TLR signaling via SOCS, and thus may be required for apoptotic cell-mediated inhibition of LPS responsiveness [41] . Moreover, Sen et al. [85] reported apoptotic cellmediated activation of Mer antagonized LPS-driven NF-κB activation by a PI3K/AKT-dependent mechanism. As production of many inflammatory cytokines is dependent on NF-κB, this suggests that Mer (and TAMs in general) target inflammatory cytokine production at multiple signal transduction points. It is interesting to note that apoptotic cells produce Gas6 and thus may prime themselves for uptake by TAMs. This implies TAM activity may play an important constitutive role in acquisition of a suppressive macrophage and dendritic cell phenotype after apoptotic cell encounter, a notion supported by the severe autoimmune phenotype in mice deficient in TAM receptor expression [86] .
Similarly, enzymatic activity has been suggested to play a critical role in the regulatory response elicited by apoptotic cells. Arginase is an enzyme existing in two isoforms in mammals that converts l-arginine to l-ornithine and urea. Arginase activity is often associated with antiinflammatory macrophage activity and antagonizes IFN-γ and iNOS function both in vitro and in vivo [87] . Brune et al. recently demonstrated that arginase (Arg) II can be induced by apoptotic cell-derived S1P in macrophages by an ERK5/CREB-dependent mechanism in vitro [88, 89] . Importantly, Arg II induction was required for apoptotic cell-mediated inhibition of iNOS activity indicative of a link between Arg activity and the anti-inflammatory capacity of apoptotic cells. Analogously, we found that apoptotic cells induce a significant (18-fold increase), transient burst in splenic, MZM-specific Arg II expression (TLM, unpublished observations). Based on the kinetics of induction, we surmise that Arg II may play a role in initial dampening of inflammatory responses immediately after efferocytosis but is unlikely to be involved in downstream effector responses, a possibility we are currently testing.
Like arginase, indoleamine 2,3 dioxygenase (IDO) is an enzyme with two isoforms in mammals (IDO1 and IDO2), that catabolizes indole-ring containing compounds (including the essential amino acid tryptophan) to N-formyl kynurenine [90] . IDO1 is relevant in the context of apoptotic cell tolerance as it is a critical mediator of peripheral immune suppression in cancer, chronic inflammatory disease, and immune privilege [90] . Moreover, apoptotic cells can induce IDO by an IFN-γ-dependent mechanism in vitro [91] . However, the in vivo relevance of this finding was not known so we tested the role of IDO1 in immune tolerance to apoptotic cell. We found that i/v administration of apoptotic thymocytes stimulated prominent IDO1 expression in the spleen 18-24 h after injection, particularly in the MZ [67] . IDO1 activity is most often associated with CD8α + and plasmacytoid DCs, but after apoptotic cell injection it was the SignR1 + MZMs, which showed increased IDO1 mRNA and IDO-mediated suppressive effects were dependent on the presence of MZMs. This result was somewhat surprising as CD8α + DCs are believed to be critically important to splenic tolerance (see below) and suggested if IDO regulates the splenic DC response to apoptotic material then it must be a trans effect. Supporting this interpretation, when IDO activity was blocked with a pharmacologic agent (d-1-methyl-tryptophan), CD8α
+ DC production of TGF-β was completely lost, there was a significant induction of TNF-α and IL-12 message specifically in MZMs, and CD4
+ T cell tolerance to apoptotic cell antigens was lost [67] . Thus IDO1 induction is likely a critical early step in the initiation of apoptotic cell tolerance and IDO1 activity is necessary for the regulation of apoptotic cell-induced cytokine production in MZMs and DCs.
IDO can create immune regulation by two primary mechanisms, both involving the catabolism of tryptophan. Tryptophan (Trp) is an essential amino acid that is relatively rare in the cell and micro-environment compared to other amino acids [90] . Depletion of intracellular Trp by IDO induces an amino acid withdrawal response mediated by the integrated stress response kinase general control non-repressed (GCN)2 [92] . Activation of GCN2 results in a profound alteration of cellular behavior, most of which is poorly understood; however, in phagocytes GCN2 can potently suppress IL-6 production and may aid in activation of regulatory T cells [90, 93] . IDO activity also reduces micro-environmental Trp levels activating GCN2 in neighboring cells, which is critical for IDO-mediated inhibition of naive T cell proliferation, CD8 + T cell cytotoxic activity, and activation of FoxP3 + CD4 + regulatory T cells [92, 94] . We found that apoptotic cell challenge induced IDO-dependent expression of C/EBP homologous protein (CHOP) 10, a downstream target of the GCN2 pathway, in DCs and MZMs [67] . Moreover, TGF-β induction after apoptotic cell challenge was lost in CHOP −/− mice suggesting a direct link between IDO1, CHOP, and suppression. If confirmed, this would represent a previously unknown tolerogenic mechanism in macrophages, one that could potentially be exploited. For example, the coccidostat halofuginone was recently shown to prevent inflammatory T cell development by GCN2 activation [95] . Ten years ago we reported halofuginone could prevent autoreactivity in a mouse model of systemic autoimmune disease [96] . While the mechanism of action was not known at the time, this clearly suggests that GCN2 can profoundly affect inflammatory immunity and halofuginone may be useful in tolerogenic vaccine approaches.
IDO can also regulate immune reactions by production of Trp catabolic degradation products known collectively as kynurenines. Kynurenines promote T cell apoptosis and inhibit CD28 signal transduction [97] . Moreover, recently l-kynurenine was identified as a high-affinity ligand for the aryl hydrocarbon receptor (AhR) [98] . The AhR, best known as a receptor for dioxin, is a cytosolic transcription factor that binds cyclic hydrocarbons [99] . Depending on the ligand, AhR activity has been associated with either pro or anti-inflammatory activity, irrespective it is clear AhR has a potent impact on MΦ, DC, and T cell function [99] . AhR activation by kynurenines enhances suppressive T cell development from naïve precursors and regulates immunogenicity of dendritic cells in vitro [98, 100] . Moreover, AhR ligation can drive IDO expression in a positive feedback loop indicative of intricately linked biologic function [98, 101] . The role of AhR in apoptotic cell tolerance has not been tested to date but apoptotic cells induce AhR activity in macrophages in vitro and in vivo (TLM, unpublished observations) suggesting the pathway may be involved in apoptotic cell regulatory mechanisms.
Splenic dendritic cells and apoptotic cell tolerance
The spleen contains a diverse population of CD11c + DCs strategically positioned for antigen acquisition and lymphocyte interactions in the red and white pulp. Two majority splenic DC populations are differentiated by expression of CD8α defining function and localization. CD8α neg DCs are found predominantly in the MZ and red pulp and express the endocytic marker 33D1 [102] . In contrast, CD8α + DCs are found primarily in the white pulp, although there is a minority population in the MZ and red pulp. The DC subsets are functionally segregated as CD8α neg DCs express high levels of intracellular machinery necessary for MHC II expression and antigen loading, and as a consequence are effective simulators of CD4 + T cells [102] . Conversely, CD8α
+ DCs, which also express the c-type lectin CD205, are effective at cross presentation of antigens in MHC I and are consequently potent stimulators of CD8 + T cells [102, 103] . [105, 106] . The population of CD8α + DCs responsible for apoptotic cell tolerance has been further reduced recently to a minority langerin (CD103) + DC population residing in the MZ [107] . These cells appear to be distinct from CD8α
neg DCs, exhibiting a profound inability to produce IL-6 in response to TLR-ligands and increased apoptotic cell phagocytic ability. Moreover, specific deletion of the CD103 + subset by cytochrome C injection blocked apoptotic cell-induced tolerance indicative of a primary role in the tolerogenic circuit [107] .
Apoptotic cell antigen-specific immune suppression has been attributed to the cross-presentation function of CD8α + DCs, however, cross presentation appears to function independent of efferocytosis suggesting that this is a general feature of this DC subset and not specifically related to apoptotic cell processing [103, 108] . There is significant debate over the mechanisms of CD8α + DC-mediated apoptotic cell tolerance. A likely dominant mechanism involves induction of suppressive FoxP3 + regulatory T cells (Tregs) from the naive T cell population. The induction of Tregs by CD8α + DCs requires endogenous TGF-β and low antigen availability [109] . Our lab has shown that apoptotic cell injection i/v induced prominent TGF-β production in CD8α + DCs [67] . Moreover, cellular fragments are efficient at directing antigens towards MHC II presentation pathways suggesting a mechanism of tolerance consistent with the notion of DC directed FoxP3 + Treg generation [110] . Alternatively, Griffith et al. [111] have identified a novel population of TNF-related apoptosis-inducing ligand (TRAIL) + CD8 + T cells that is induced by apoptotic cell challenge. TRAIL expression is provoked in activated CD8 + T cells in the absence of CD4 + T cell help and is likely involved in activation induced cell death [112] . However, apoptotic cell-induced TRAIL + CD8 + T cells, while apparently functionally "helpless", could mediate the deletion of antigen-exposed T cells and were sufficient for at least a partial transfer of tolerance to secondary recipients [111] . In the absence of TRAIL apoptotic cells did not elicit an inflammatory immune response indicating that the mechanism played a specific role in regulation of CD4 T cell responses rather than overall apoptotic cell-mediated immune suppression. Combined, these findings provide strong mechanistic support for the role of CD8α + DCs in downstream tolerance as they can effectively induce multiple regulatory lymphocyte subsets.
Tingible body macrophages
Secondary lymphoid organs including the spleen are sites of massive in situ lymphocyte expansion and contraction necessitating rapid removal of apoptotic cells that are inevitably generated as a result of immunity. Germinal centers (GCs) are areas of intense B cell proliferation that form at the interface of the B and T cell areas of the white pulp and are a significant source of apoptotic cells in the spleen. Clearance is accomplished primarily by a CD68 + MΦ population known as tingible body macrophages (TBM), a name derived from the phagocytized apoptotic cells (i.e., tingible bodies) observable in these specialized phagocytes. TBMs are also identified by the follicular dendritic cell marker (FDC) FDC-M1, which was found to be the apoptotic cell opsonin MFG-E8 [113] . MFG-E8 production in the GC is FDC-derived and lymphotoxin deficient mice, which lack FDCs but retain TBMs, fail to produce MFG-E8 and exhibit defects in TBM uptake of apoptotic bodies [113] . Moreover, there is an accumulation of apoptotic cells on the surface of the TBMs in MFG-E8-deficient mice indicating that tethering is intact but the second signal needed for engulfment is absent. Thus, in the GC efferocytosis requires a cooperative mechanism whereby cells that drive the GC response (FDCs) are partially responsible for cleanup by "licensing" TBMs for apoptotic cell phagocytosis. The importance of this is clear as MFG-E8 deletion drives significant immunopathology [39] . Likewise, Mer −/− mice show defects in GC B cell clearance and develop an autoimmune pathology similar to that seen in MFG-E8 −/− mice [42, 114, 115] . It is curious that abrogation of either MFG-E8 or Mer function results in defective TBM function in the GC as both bridging molecules bind modified PS. The redundancy is likely a default protective mechanism for living cells ensuring that multiple apoptotic cell sensors must be engaged for completion of efferocytosis.
Other cells involved in splenic apoptotic cell tolerance While the cell populations described above likely play a dominant role in splenic apoptotic cell tolerance, mounting evidence suggest other MZ cell populations may play an indispensable role in generation of long-term apoptotic cell-mediated regulation. Given the intimate nature of the association between cells in the MZ this is not surprising, however, we are still in the early stages of understanding how cell-cell communication in the MZ contributes to the apoptotic cell immune response.
NKT cells are an unconventional T cell subset that recognizes lipids presented in the context of the MHC-like molecule CD1d [116] . Invariant (i)NTK cells express the Vα18-Jα18 T cell receptor (TCR) and may be positively selected by self-lipids suggesting that while they can react vigorously with microbial lipid products, iNKT cells may be inherently self-reactive, which would by extension imply a role tolerogenic homeostasis [117, 118] . Thus, it is not surprising that iNKT cells are associated with peripheral immune tolerance and alterations in iNKT cell activity or frequency are linked with autoimmune diseases including multiple sclerosis, type 1 diabetes, systemic lupus erythematosus, and rheumatoid arthritis [119] [120] [121] [122] [123] . iNKT cells can promote Treg development in a DC-dependent manner either directly through CD1d binding, or indirectly by extracellular ATP-induced programmed death ligand (PD-L) 1 and 2 expression, or production of regulatory cytokines including IL-2, IL-4, and IL-10, and IFN-γ [124] [125] [126] [127] [128] . Moreover, CD1d
−/− mice show reduced Treg numbers suggesting a direct link between NKT cells and Treg-mediated tolerogenic homeostasis [127] .
A direct role for iNKT cells in apoptotic cell tolerance was recently described by our collaborator Mikael Karlsson who published compelling data demonstrating that mice lacking either the invariant Jα18 TCR chain or CD1d developed exaggerated responses to apoptotic cells administered i/v including induction of anti-DNA IgG auto-antibodies, increased immune complex deposition in the glomeruli, and increased splenic germinal center formation [129] . The iNKT cell response to apoptotic cells was dependent on MZ B cells as transfer of CD1d neg B cells to MZ B celldeficient mice (CD19 −/− ) replicated the elevated response in CD1d −/− mice while transfer of CD1d + B cells gave a wild-type response to apoptotic cell challenge [129] . MZ B cells express high levels of CD1d and although the exact positioning of self-reactive iNKT cells in the spleen is not known, based on the localization of apoptotic cells after i/v administration we can reasonably assume that iNKT cells must be located in the MZ as well. Moreover, since CD1d was required, it is likely that cognate iNKT-CD1d-mediated recognition of lipids is required for iNKT cell tolerance. A major question, yet to be resolved, is whether iNKT cells recognize apoptotic cell-specific lipids presented by MZ B cells or endogenous lipids presented in the context of activation. Brennan et al. [130] reported iNKT cells recognized self-lipids upregulated after TLR-ligand activation, contributing to the antimicrobial NKT cell response. Thus it is possible that in the context of efferocytosis, activated phagocytes may increase presentation of self-lipids facilitating iNKT cell function. A related study reported MZ B cells could directly respond to apoptotic cells by a B cell receptor-dependent mechanism resulting in significant IL-10 production [131] . The MZ B cells internalized apoptotic cells directly sensing apoptotic DNA by TLR9. This is somewhat unexpected, as B cells are not considered significant apoptotic cell phagocytes. However, the MZ B cell population is a substantial source of humoral autoreactivity and natural μ immunoglobulin (IgM) [132, 133] . While natural IgM directs apoptotic cells towards phagocytes for destruction, this observation indicates an additional function of self-reactivity in the MZ B cell compartment may be capture and direct induction of apoptotic cell tolerance [134, 135] .
MZ B cells and MZMs are in intimate contact and splenic positioning of both cell population is regulated by the scavenger receptor MARCO [81] . Thus, it is likely that the tolerogenic response of MZMs and MZ B cells is interconnected. For example, iNKT cells produce substantial amounts of IFN-γ after apoptotic cell challenge [129] . IFNs are potent IDO induction agents in multiple settings suggesting that IDO expression in MZMs may be iNKT cell-derived-IFN dependent (see Fig. 2 ). Consistent with this, αGalCer (a NKT cell agonist) induces significant IDO activity and CD1d −/− mice have a defect in IDO expression in response to CpG containing DNA (Dr. Andrew Mellor, pers. comm.). While the role of iNKT cells in apoptotic cell-induced IDO is not known, iNKT cell-derived IFN-γ driving IDO expression would be consistent with the literature. If true, this will be an important finding providing direct mechanistic links between iNKT cells, MZ B cells, and MZMs in apoptotic cell tolerance.
Systemic tolerance in the liver
Relatively little is known about apoptotic cell-driven immune tolerance in other tissue sites. However, it is reasonable to assume that similar mechanisms will contribute to immune tolerance in tissues that have access to lymphatic drainage or the circulatory system. The liver receives most of its blood from the hepatic portal vein, which first passes the gastrointestinal tract [21] . As a consequence, the blood entering the liver contains digested material and microbial products from the large and small intestine; hence, a major function of the liver is to filter out microbial contaminants such as LPS [136, 137] . The liver is well adapted to this and, like the intestinal mucosa, appears to be conditioned towards a default state of tolerance with high-level suppressive cytokine production [138] . Moreover, the liver, like other filtering organs, contains significant numbers of phagocytes that serve a scavenging function including DC subsets such as plasmacytoid DCs, CD8α
+ DCs, and a little understood NK1.1 + natural killer DC subset [139, 140] . Unlike splenic DCs, liver DCs seemed primed to produce suppressive cytokines synthesizing high levels of IL-10 after stimulation [141, 142] . Moreover, liver DCs are weak T cell stimulators compared to splenic DCs, which is attributable to their tolerogenic nature [143] . The liver also contains a large population of F4/80
+ macrophagelike Kupffer cells (KCs). These cells are highly phagocytic and are the major scavenger population in the liver. Furthermore, portal venous tolerance is dependent on KCs suggesting a primary role in hepatic immune suppression [144] . KCs produce IL-10 in response to LPS stimulation and express FasL and PD-L1 indicating that they likely suppress T cell responses directly via contact-dependent killing and indirectly via suppressive cytokine production [138] .
A major function of the liver is the destruction of aging erythrocytes and neutrophils [145, 146] . Likewise, apoptotic T cells are trapped in the liver [147, 148] . Thus, like the spleen, the liver contends with a significant volume of apoptotic cells that must be cleared quietly and efficiently. Multiple cell populations are apparently involved in hepatic apoptotic cell phagocytosis including DCs, hepatocytes, KCs, and liver sinusoidal endothelial cells [149] . However, KCs appear to play a dominant role in apoptotic cell-mediated immune suppression as KC-depletion abrogates the ability of apoptotic cells to mediate liver tolerance [150] . Functional analysis demonstrated KCs rapidly phagocytose apoptotic cells from circulation and apoptotic cell contact induces IL-10 synthesis in a TGF-β-dependent manner [150] . Of particular note is the observation that maximal immune suppressive activity in the liver occurs 3-7 days after apoptotic cell administration. We have found that a similar time frame is required for recipients to accept skin allografts after an i/v apoptotic cell tolerization. Zhang et al. [150] speculate that this time is required for optimal induction of suppressive cytokines, however, it is more likely that this is the effector phase required for activation/expansion of resident regulatory T and NKT cell subsets to effect final tolerogenic mechanisms.
The liver is an organ with high endogenous arginase activity. Callery et al. [144] found that low arginine conditions enhanced KC suppressive activity promoting prostaglandin-E2 production and suppression of T cell proliferation. Similarly, the liver is the major source of tryptophan 2,3 dioxygenase (TDO) activity [90] . While structurally unrelated to IDO, TDO oxidatively cleaves tryptophan in a mechanistically similar fashion [90, 151] . Tumors expressing TDO were found to be potently immunosuppressive suggesting that TDO possesses immune regulatory properties similar to IDO [152, 153] . Thus, high arginase and TDO activity in the liver likely creates a paucity of microenvironmental arginine and tryptophan contributing to basal suppression.
Recently hepatic stellate cells (HSCs) were found to directly inhibit DC allostimulatory function via a mechanism dependent on IDO expression [154] . HSCs reside in the subendothelial space and function as a stromal APC, expressing MHCI, MHCII, and CD1d [138] . HSCs can induce regulatory T cells in an IFN-γ-dependent manner, promoting allograft tolerance [155, 156] . Given the ability of IFNs to induce IDO, it possible there is a mechanistic link between HSC and immunologic tolerance to apoptotic self. IDO is distinct from TDO in that it is responsive to inflammatory signals while TDO activity is primarily constitutive. Thus, high basal TDO and arginase may promote general immune suppression while IDO induction in response to immune activation may play a more specific + and CD8 + T cell function, promoting T cell anergy and deletion role in initiation of adaptive tolerance, a concept that warrants testing.
Immune therapy based on apoptotic cells
Autoimmune and autoinflammatory disease results from an imbalance in the regulatory/inflammatory mechanisms that define the immune response. Apoptotic cells have natural, potent immuno-tolerogenic potential making them an ideal platform for immune therapy. Moreover, by utilizing a patient's own tissue as a source of apoptotic material, we will be able to take advantage of natural suppressive mechanisms while minimizing adverse outcomes. Thus, while still in its infancy, there are several promising branches to this approach that may pave the way for creation of personalized tolerogens and therapeutic interventions in autoimmune disease and transplantation.
Apoptotic cells in the clinic
More than 30 years ago, Miller et al. [157] demonstrated that splenocytes treated with the crosslinking reagent 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (ECDI) could induce profound tolerance when delivered i/v. ECDI is commonly used to link antigens to red blood cells for experimental vaccination protocols. However, when splenocytes are treated with ECDI they undergo rapid apoptosis and can stimulate Foxp3 + CD4 + Tregs by a PD-L1-dependent mechanism in vivo [158] . The tolerance is mediated partially by direct antigen presentation originating from the ECDI-treated cells themselves, however, the dominant mechanism is dependent on recipient splenic phagocytes, IL-10 production, and expansion of induced Tregs [159, 160] . In vivo ECDI-treated cells are processed in a manner phenotypically similar to naturally occurring apoptotic cells with a rapid localization to the spleen and phagocytosis by F4/80 + macrophages inducing antigen-specific anergy in effector T cells, an effect that is partially reversible by the addition of IL-2 [160] . Thus, in many respects, induction of ECDI-treated cell tolerance appears mechanistically similar to apoptotic cell tolerance. An advantage of ECDI-based approaches is the relative ease of linking antigen to the apoptotic cells (since ECDI is itself a cross-linking agent). Thus, in autoimmune diseases, such as rheumatoid arthritis, type I diabetes, and multiple sclerosis (MS), where putative candidate antigens driving disease have been identified, ECDI-crosslinking of target antigen to apoptotic cells may provide an effective tolerogenic vaccine. In particular, there is an extensive experimental history of ECDI treatment in mouse models of MS prompting a recent phase I clinical trial. In this trial, peripheral blood mononuclear cells were collected from nine MS patients and treated with ECDI in the presence of a mixture of seven immuno-dominant peptides derived from myelin oligodendrocyte protein, myelin basic protein, and proteolipid protein and infused back into the patients. The treatment was well tolerated with no adverse reactions and high-dose cell infusion succeeded in suppressing antigen-specific T cell responses (Dr. Stephen Miller, pers. comm.).
Extracorporeal photopheresis (ECP) was a technique originally developed as a therapy for cutaneous T cell lymphoma (CTCL). The procedure involves oral administration of photo-responsive psoralen and subsequent leukopheresis coupled with ultraviolet A (UVA) light exposure resulting in crosslinking of the cellular DNA and apoptosis [161] [162] [163] . ECP shows remarkable clinical efficacy in CTCL and has been an FDA approved first-line treatment for the condition since 1988 [164, 165] . In addition to cutaneous cancer, ECP treatment may be beneficial in many chronic inflammatory diseases such as type 1 diabetes, Crohn's disease, scleroderma, and nephrogenic systemic fibrosis [166] [167] [168] [169] . Moreover, ECP improved transplant acceptance and increased survival times in patients with steroidresistant chronic graft versus host (GvHD) disease [164, 170] . There is no satisfactory answer to explain the seeming dichotomy of this approach as a treatment for CTCL on one hand, and as an immunosuppressive on the other. Mechanistically, ECP appears to function by apoptotic cell immunotolerance mechanisms described above. For example, in an experimental model of GvHD, ECP protected mice from pathology by inhibiting effector CD8 + T cell responses and promoting expansion of Tregs [171] . Moreover, in the absence of IL-10 ECP-mediated suppression is lost [172] . Thus, it is likely that ECP-mediated tolerance will prove to more or less overlap with the mechanisms involved in natural immune tolerance to apoptotic cells. Rao et al. [173] reported ECP increased serum TGF-β in GvHD and CTCL patients; however, there was a slight decrease in overall Treg numbers likely due to ECP-treatment, which would remove lymphocytes from circulation. The authors of the study speculated that increased Treg activity may have a negative impact on the lymphoma. This argument runs counter to the enormous body of literature suggesting that Tregs promote cancer establishment providing progressively potent immune suppression. However, at least one study found a positive correlation between FoxP3 + Treg accumulation in the skin and survival times in CTCL patients [174] . Thus Tregs may play a distinct role in lymphoma development as compared to solid tumors, explaining the efficacy of ECP.
Engineered tolerogenic particulate antigen approaches
Apoptotic cells posses multiple properties that can create a complex immuno-regulatory environment. However, there are inherent problems with using apoptotic cells as a source of tolerogenic vaccines, namely large numbers of viable cells must be isolated and treated ex vivo creating sourcing and logistical issues. Moreover, the long-term stability of apoptotic cell-tolerogens is unlikely necessitating fresh isolation and processing of material for each administration creating quality control issues. A potential solution is to engineer more stable antigen containing particles that mimic the properties of apoptotic cells eliciting the same natural immuno-regulatory circuits.
The IDO regulatory pathway suppresses adaptive T cell and inflammatory APC responses and promotes FoxP3 +
CD4
+ Treg development and activation. Thus, this represents an attractive potential target for immuno-modulatory therapy. In this vein, we recently demonstrated that IDO induction by i/v administration of DNA complexed with the cationic polymer polyethylenimine (DNA nanoparticles, DNPs) protected mice from experimental arthritis blocking IL-6 and IL-17a production and effector T cell responses [175] . The DNPs rapidly accumulate in the MZ where they are phagocytosed by splenic DCs and MZMs (Huang et al., manuscript in preparation). DNP-mediated IDO expression is dependent on intracellular sensing of complexed DNA by a TLR9-independent mechanism resulting in type I IFN production. Moreover, we have observed similar results in mouse models of antibody-mediated nephritis suggesting that DNPs are effective in creating immuno-suppressive conditions (TLM, unpublished observations). However, the suppression is general, not antigen-specific; therefore, efficacy in treatment of autoimmune or autoinflammatory disease will likely be short-lived. Nevertheless, polyethylenimine contains a highly cationic backbone which readily complexes with DNA and is currently considered one of the most effective non-viral methods of intracellular gene delivery in vivo [176] [177] [178] . Replacing the DNP-complexed DNA with a eukaryotic expression vector containing target antigens may serve to more fully replicate tolerance induced by apoptotic cells as it would satisfy the criteria of creating an immediately suppressive microenvironment and providing the antigens necessary for adaptive tolerance to take hold.
However, delivery of antigen in a particulate form may be sufficient to drive tolerance outright. Coupling of peptide with poly(lactide-co-glycolide) (PLG), a biodegradable nanoparticle was sufficient to drive long-term T cell tolerance and protect mice from relapsing experimental encephalomyelitis (R-EAE) (Getts et al., Nature Biotechnology, in press). Uptake of the PLG nanoparticles was specific for MZMs and mediated by the scavenger receptor MARCO. This was in contrast to apoptotic cells (ECDI-treated), which did not require MACRO to suppress T cell responses. In addition, PLG nanoparticle-mediated tolerance is mainly driven by T cell anergy and is not dependent on IL-10, PD-L1 or Treg activity. However, PLG tolerance required particles approximately 500 nm in size (roughly equivalent to the size of an apoptotic cell) while particles less than 100 nm failed to generate a tolerogenic response, likely due to ineffective phagocytosis. A major question raised by these results is why an antigen that does not resemble an apoptotic cell could elicit a similar tolerogenic response. MZMs are most likely constantly exposed to apoptotic cells entering from circulation. Consequently, in the default state, MZMs are prone to exhibit significant regulatory activity. Antigens targeted to MZMs in a particulate manner that do not perturb basal activity may be incorporated into the tolerogenic pathway resulting in immune suppression. This may explain why IL-10 and Tregs are not mechanistically involved in PLG-mediated anergy induction. If this is the case, then the addition of further apoptotic cell characteristics (e.g., IDO induction) may enhance the tolerogenic circuit providing more enduring and effective long-term benefit.
Perspectives
The last two decades have seen an explosion in our understanding of how apoptotic cells influence immunity. Thus we have seen the role of apoptotic cells in the immune response grow from one of refuse requiring rapid janitorial service to an essential partner likely required for all immune responses. Not simply as a mechanism to remove unnecessary lymphocytes, but as a tool to effectively deliver antigens in a particulate form which can readily be phagocytosed by APCs. The apoptotic cell comes embedded with significant amounts of information allowing for rapid assessment and progression to either adaptive immunity (inflammation) or regulation (tolerance). With increased understanding of the role apoptotic cells have in immunity comes the hope that these mechanisms can be harnessed for clinical good. Indeed, we have taken our first tentative steps in this direction and the results have been extremely encouraging. Further elucidation of the mechanisms involved in immunologic tolerance to apoptotic-self at the molecular and cellular level will enable us to fine-tailor our approaches, not only to improve therapeutic tolerogenic in a general sense, but to specific needs in varying contexts.
